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Introduction
Malignant melanoma incidence rates have consistently increased over the past 35 years affecting men and women of all ages and ethnicities. It is estimated that in 2010 approximately 68,000 people were diagnosed with melanoma and almost 8700 cases were fatal (Howlader et al., 2011) . Currently, the estimated lifetime risk of developing melanoma is 1 in 58 and this is expected to reach 1 in 50 by 2015 (Rigel et al., 2010) . With growing occurrence it is of utmost importance to discover novel strategies for melanoma therapies.
Natural Killer (NK) cells are large granular lymphocytes which are principally responsible for the innate immune response in mammals (Zimmer, 2010) . They have three major functional characteristics: cytotoxicity, cytokine and chemokine secretion, and contact-dependent cell costimulation. The cytotoxicity of NK cells is dependent on a balance between activation and inhibitory signals. A shift in this balance due to changes in activating receptors such as NKG2D, its ligand, MHC-class I chain-related protein A or B (MICA and MICB), or inhibitory receptors which recognize MHC-class I, can alter NK cytotoxicity (Zimmer, 2010) .
Eristostatin (Er) is a short monomeric disintegrin isolated from the venom of Eristicophis macmahoni. It caused significant inhibition of lung and liver metastases due to B16F1 murine melanoma cells in an experimental metastasis model using C57BL/6 mice (Beviglia et al., 1995; Morris et al., 1995) . Danen et al. (1998) observed that eristostatin inhibited lung colonization by human melanoma MV3, and we expanded these findings following an intravenous injection of eristostatin with MV3, M24met, or C8161 human melanoma cells into nude mice deficient in T and B cells but not deficient in natural killer cells (Danen et al., 1998; McLane et al., 2003) . A set of functionblocking experiments, using antibodies for both a v and b 1 showed substantial heterogeneity among five melanoma cell lines in their ability to adhere to eristostatin-coated plates. This evidence may indicate that eristostatin may act through a unique non-RGD dependent mechanism (Tian et al., 2007 ) or via integrins not tested. Exploring eristostatin's mode of action in the inhibition of metastases, McLane et al. showed that the cytotoxic effect of NK-like TALL-104 cells (O'Connor et al., 1991; Cesano and Santoli, 1992) increased when eristostatin was added to SBcl2 melanoma cells and/or the TALL-104 cells (McLane et al., 2001) . However, the mechanism by which eristostatin acts on murine and human melanoma cells (or NK cells) is still unknown.
In the last decade major improvements have been made in techniques designed to measure cell-cell, cell-matrix, and receptor-ligand interactions. These interactions are dependent largely on adhesion molecules such as integrins and play a large role in many cell functions such as cell communication, migration and tumor metastasis (Desgrosellier and Cheresh, 2010) . Atomic force microscopy (AFM) belongs to a broad group of instruments called scanning probe microscopes used to image and characterize the properties of material, chemical, and biological surfaces at the atomic scale and in three dimensions, x, y, and z (Blanchard, 1996) . A common AFM technique used to measure the strength of interactions between a sample and the AFM tip is force spectroscopy. This requires the cantilever tip to approach and retract from the sample surface causing the cantilever to deflect. A laser is focused on the back of the cantilever, which follows this deflection and is used to quantify laser movement via a photodiode. This interaction is commonly expressed as unbinding force (nano Newtons, nN), the force released between two adhering molecules when those molecules are successfully moved apart. Through this relationship, AFM allows for the direct quantitative measurement of attractive and repulsive forces at the molecular level (Han and Serry, 2008; Benoit and Gaub, 2002) .
The hypothesis for this project was that eristostatin would bind the surface of each melanoma cell, causing changes in the interactions between the melanoma cell and the natural killer cell. To test this hypothesis, force spectroscopy, using the atomic force microscope, confirmed that eristostatin bound each melanoma cell line's surface and characterized the unbinding interactions, specifically determining if those interactions were RGD-dependent. In addition, the effect of eristostatin on the unbinding characteristics of the melanoma cell-natural killer cell interactions were examined. 
Materials and methods

Materials
Cell culture
All human melanoma cell lines were maintained in DMEM/F12 with 10% FBS at 37 C and 5% CO 2 . For atomic force microscopy, cells were grown to 80-100% confluence, detached using 2 mM EDTA, and transferred to a 60 mm cell culture plate and incubated overnight in DMEM/F12 containing 10% FBS at 37 C and 5% CO 2 .
Natural killer cell isolation
Natural killer cells were isolated using the RosetteSep method. Briefly, whole blood was collected in sodium heparin (143 U.S. Pharmacopeia units) to which RosetteSep Human NK enrichment cocktail was added. After mixing gently, the blood was incubated at room temperature (RT) for 20 min. The sample was diluted with an equal volume of PBS-2% FBS that was equilibrated to RT and mixed gently. In two new 50 mL conical tubes, 20 mL of blood/PBS were layered on top of 15 mL RT Ficoll-Paque and centrifuged at 1200 g for 20 min at RT. After centrifugation, the top plasma layer was aspirated and NK cells from each conical tube were removed from the plasma/Ficoll-Paque interface. The NK cells from both tubes were combined, washed with an equal volume of PBS-2% FBS and centrifuged at 300 g for 10 min. The NK cells were resuspended in five mL RPMI/10% FBS, stimulated with 750 IU/mL of IL2, and incubated at 37 C and 5% CO 2 until use. If the NK cells were not used within 48 h of isolation they were restimulated with IL2 prior to use. For verification of the purity of the isolated cell population, the NK cells were analyzed using an Accuri C6 flow cytometer (Ann Arbor, MI) via an anti-human CD56 FITC conjugated antibody against an IgG2a isotype control.
Preparation of recombinant eristostatin
The expression of recombinant eristostatin in Escherichia coli was accomplished via a modification to a previously described method (Wierzbicka-Patynowski et al., 1999) . This method was modified using the pET 39b (þ) expression plasmid and the use of the His*Bind column (Novagen, Madison, WI) for the isolation and thrombincleavage of the 6-histidine fusion protein. Eristostatin was finally purified using high performance liquid chromatography (HPLC) on an Agilent 1100 series system (Santa Clara, CA) using a 5-60% gradient of acetonitrile in 0.02% trifluoroacetic acid (2 mL/min over 50 min).
Platelet aggregation
Eristostatin activity was confirmed by performing ADPinduced (20 mM) platelet aggregation in a whole blood aggregometer from Chrono-Log Corp. (Havertown, PA). Human subject protocol approval was obtained by the University of Delaware Human Subjects Review Board in January 1998 and renewed in 2012 (#154213-3). Aspirinfree blood was collected from healthy donors in 3.2% (w/ v) sodium citrate (1:9 ratio). Percent aggregation inhibition was determined by subtracting the sample resistance value from the control resistance value, dividing by the control resistance value, and multiplying by 100. The percent inhibition and the concentration of the eristostatin were compared in Excel using a linear regression formula and the concentration of recombinant eristostatin that inhibited platelet aggregation by 50% (IC 50 ) was determined.
Atomic force microscopy
Silicon nitride probes with nominal spring constants of 0.01-0.5 N per meter (N m À1 ) were cleaned with a piranha solution (30:70, H 2 0 2 :H 2 SO 4 ) prior to functionalization. Surfaces of the AFM probes were silanized using a 4% solution of 3-aminopropyltrimethylethoxysilane in 95% ethanol for 1 h at room temperature (RT). Probes were washed in ethanol (>99.9%), dried for 5 min at 100 C, incubated for 10 min in 1.25% glutaraldehyde and washed in water. For blocking experiments, tips were incubated overnight at 4 C in Er (0.1 mg/mL), and stored in PBS at 4 C until used. For NK experiments, tips were incubated with either concanavalin A (0.1 mg/mL) or anti-human CD56 FITC conjugated antibody (0.2 mg/mL) and brought into contact for 5 min with a culture of NK cells stimulated with IL2. Tips were withdrawn from the surface and an inverted light microscope was used to confirm the presence of a single NK cell. The plate of NK cells was removed and replaced by a plate of test melanoma cells for measurement of force curves. In some experiments, the melanoma cells were pre-incubated with 500 nM Er or 200 mM of a synthetic RGDS peptide for 30 min at RT before force curves were measured. Literature for use of RGDS peptides for adhesion studies suggested using a concentration in the mM range (Dehio et al., 1998; McCarthy et al., 1986) ; however, it was observed that, with higher concentrations, the cells no longer remained attached to the surface of the culture plate. PicoForce contact mode was used for all measurements. Approximately 1000 forces curves were performed on 3 different cells. Of these, approximately 333 were performed at different areas on each cell, to make sure that the sampling was representative of the entire cell surface. To confirm repeatability, three separate AFM probes were used for each experimental condition. The distribution, average and standard error measurements were determined from these binding events and expressed in nanoNewtons (nN).
Confocal studies
Three hundred thousand melanoma cells, in DMEM with 10% fetal bovine serum (FBS), were incubated in an eight-chambered slide. Without washing, the cells were stained with FITC-labeled eristostatin AE varying concentrations of unlabeled eristostatin or with a FITC-labeled antibody to the specific integrin subunit being studied. All data were acquired on a Zeiss inverted 100M Axioskop equipped with a Zeiss 510 LSM confocal microscope and a krypton-argon laser. Acquisition of the fluoresceinconjugated probe used the 488 nm laser excitation line with a 500 nm long pass filter for fluorescence collection. Observations were taken at 400Â. The images included are representative of a minimum of 2 identical experiments.
Labeling of eristostatin with FITC
FITC-Er was prepared as described (McLane et al., 1994) . The FITC-peptide ratio was 1.2:1, and the final concentration of eristostatin was 0.5 mg/mL (93 nM). Platelet aggregation inhibitory activity (IC 50 ) of the FITC-Er was identical with that of unlabeled peptide.
Flow cytometry
To test the purity of NK cells isolated using the RosetteSep method, 300 mL of the NK-RPMI/10% FBS mixture was transferred into 3 wells of a v-bottomed 96-well plate. NK cells were spun for 30 s at 100 g and the supernatant decanted. Cells were washed (2Â) in PBS-2% FBS with centrifugation for 30 s at 100 g. NK cells were resuspended in PBS-2% FBS and incubated for 10 min with PBS-2% FBS, IgG2a, or FITC-labeled anti-human CD56 antibodies for unstained, isotype control, and CD56-stained treatments, respectively. The samples were strained into tubes for cytometric analysis.
One million human melanoma cells, in DMEM, were washed three times with 1Â binding buffer (10 mM N-(2-hydroxyethyl)piperazine-N 0 -2-ethanesulfonic acid (HEPES)/ NaOH, pH 7.4, 140 mM NaCl, 2.5 mM CaCl 2 ). The cells were transferred to 12 Â 75 mm tubes with a minimum of 0.5 mL 1Â binding buffer and incubated with 3000 nM of unlabeled disintegrin. FITC-labeled antibody to the specific integrin subunit being studied was then added to each tube and incubated for at least 30 min in the dark. All data were acquired using a Becton Dickinson FACs Calibur or an Accuri C6 flow cytometer. For each cell line, treatments were done in triplicate.
Statistical analysis
A Student's t-test was applied to the data to determine the significant differences between the average unbinding forces detected. A p-value <0.05 was considered significant.
Results
Platelet aggregation
The IC 50 values (mean AE SEM) for eristostatin (n ¼ 9) was 48.2 AE 14.5 nM. These values were similar to those previously reported (McLane et al., 2004) .
Direct unbinding of eristostatin and human melanoma cells
Atomic force microscopy was used to characterize the unbinding force interactions between eristostatin and the surface of the melanoma cell lines. Eristostatin bound all six melanoma cell lines tested with varying unbinding strengths (Fig. 1) . This interaction was partially inhibited with the addition of 500 nM soluble eristostatin in the media causing a significant decrease in the unbinding force between eristostatin and C8161, MV3, M24met, and SBcl2 cell lines. 1205Lu and WM164, however, did not show any significant changes in unbinding force after the addition of the soluble eristostatin. These two cell lines also did not show a decrease in the percentage unbinding events compared to the total number of contacts after incubation with eristostatin, while the other four cell lines did (data not shown).
Histograms of these interactions ( Fig. 2A-F) in the presence and absence of soluble eristostatin showed trends which are not obvious in Fig. 1 . While changes in unbinding force were seen in the presence of eristostatin with every cell line, two things to note are (1) the variability and (2) the lack of one pattern of the unbinding forces observed when eristostatin was added.
Inhibition of the eristostatin-melanoma cell interaction by RGDS peptide
To determine the possibility of an integrin binding partner, cells were incubated in the presence or absence of a synthetic RGDS peptide. Of the six cell lines, five showed inhibition which was significant (Fig. 3) .
This data was also visualized using histograms ( Fig. 4A-F ). An obvious decrease in unbinding force in the presence of RGDS appears with C8161 at 3 nN (Fig. 4A) , with MV3 and WM164 at 1 nN (Fig. 4B, E) while there are smaller decreases (SBCl2, Fig. 4F ) and even increases of unbinding force (MV3, M24met, 1205Lu, Fig. 4B-D) with the other cell lines.
Purity of freshly isolated natural killer cells
Natural killer cell populations isolated from freshly collected heparinized whole blood exhibited !90% purity when analyzed by flow cytometry using anti-CD56 (data not shown).
Direct unbinding of natural killer cell-melanoma cells
To determine any changes in the interactions between the melanoma cells and natural killer cells due to eristostatin, direct force measurement assays using AFM were done in the presence and absence of 500 nM eristostatin. In the case of all six human melanoma cell lines, the natural killer cells attached to the AFM cantilever tip (Fig. 5) , and interacted with the surface of the melanoma cells (Fig. 6) . After the addition of eristostatin, MV3 and WM164 showed a significant increase in the unbinding force between their surface and the natural killer cells, whereas M24met and SBcl2 displayed a significant decrease. C8161 and 1205Lu did not show any significant difference in the mean unbinding forces after the addition of eristostatin compared to the control.
Similar to the histograms in Figs. 2 and 4 , the histograms of the unbinding forces which occurred between the natural killer cells and melanoma cells showed varying patterns in treatments with and without eristostatin. In general, decreases in unbinding forces were seen (C8161, M24met, SBCl2, Fig. 7A , C, F) while in three instances, increases in unbinding force were observed (MV3, 1205Lu, WM164, Fig. 7B, D, E) . Fig. 1 . Average unbinding force between melanoma cells and eristostatin on the AFM cantilever tip. Eristostatin functionalized tips were brought into contact with indicated melanoma cell lines incubated for 30 min in the presence or absence of 500 nM eristostatin. Data is mean unbinding force AE SEM from at least three experiments; *p ¼ <0.05; **p ¼ <0.0001; Er ¼ eristostatin.
Binding of FITC-eristostatin to melanoma cells
Eristostatin binds in a dose-dependent manner to the surface of melanoma cells (Fig. 8) with only MV3 failing to show binding on its surface. However, soluble eristostatin was capable of dose-dependently inhibiting the binding of FITC-anti-a4 to MV3 (data not shown), indicating that eristostatin does, in fact, bind to this cell line, confirming data from Danen et al. (1998) .
Discussion and conclusions
The uniqueness of every cancer cell line speaks to the incredible difficulty of using one treatment to affect all cancer cells. Many disintegrins such as accutin (Yeh et al., 1998) , echistatin (Hallak et al., 2005; Morte et al., 2000) , and contortrostatin (Markland et al., 2001; Zhou et al., 2000) , have effective anti-cancer properties in vitro and/ or in vivo. Often they exert their biological effect through antagonizing integrin binding, most commonly via a v b 3 .
This disruption can lead to inhibition of angiogenesis, induction of apoptosis, inhibition of metastasis, and tumor regression (Oliva et al., 2007) . Eristostatin also has anticancer properties exemplified by the inhibition of lung and liver colonization, in vivo, of murine and human melanoma cells (Beviglia et al., 1995; Morris et al., 1995; Danen et al., 1998; McLane et al., 2003) . The mechanism responsible for this effect, however, remains elusive. One aim of this study was to determine, on a binding force perspective, the characteristics of eristostatin binding on the melanoma surface. This study represents the first instance of testing direct disintegrin binding with the use of AFM, a powerful tool in the quantification of forces between isolated proteins and/or intact mammalian cells (Benoit and Gaub, 2002; Lehenkari and Horton, 1999; Zhang et al., 2004; Puech et al., 2006) . All six human melanoma cell lines bound eristostatin to their surface (Table 1, Fig. 1 ). The unbinding forces observed in these experiments show an increased unbinding strength compared to those observed between the disintegrin echistatin and a v b 3 on osteoclasts (Lehenkari and Horton, 1999) or melanoma cells isolated from a vertical growth phase primary tumor, WM115, to fibronectin (Puech et al., 2006) (Table 2) .
Binding of eristostatin to four of the melanoma cells' surfaces was reversible (Fig. 1) ; however, these results did not show complete inhibition with the addition of soluble eristostatin with any of the melanoma cells tested. In addition, 1205Lu and WM164 had no significant differences between treatments. Both of these phenomena (partial and no inhibition) may be due to dose-dependence. Confocal data with cell lines such as 1205Lu corroborates this. Cells incubated with increasing concentrations of unlabeled eristostatin and stained with FITC-labeled eristostatin showed a reduced fluorescent signal only at the highest concentrations (1000 nM) of unlabeled eristostatin compared to controls. Therefore, higher concentrations of eristostatin may be needed in order to observe complete inhibition during AFM experiments. Interestingly, only MV3 cells did not show binding of FITC-Er to its surface by AFM, but this again may be a dose-dependence phenomenon. When Danen et al. (1998) tested FITC-Er with this cell line, the concentrations used ranged from 0 to 16,000 nM. The concentration achieved in our labeling of FITC-Er had a maximum of 93 nM, which would be insufficient to visualize binding on the MV3 cell surface, based on Danen's experiments, although it was sufficient for the other cell lines. We have, however, confirmed Er binds MV3 in a dosedependent manner by showing a decreased surface fluorescence with labeled anti-a4 antibody with increased concentrations of unlabeled Er (data not shown).
Histograms between eristostatin and all six melanoma cell lines revealed a common population of unbinding events in the range of 0.1-0.3 nN in both the presence and absence of eristostatin in solution. This population may be explained by intermolecular forces including electrostatic, ionic, and hydrophobic interactions present between the AFM probe and the melanoma surface (Aston and Berg, 2000; Kim et al., 2008) . This intermolecular force could also be due to interactions between molecules of eristostatin which are not presented in the proper orientation or by exposed glutaraldehyde amine group ends. The method of tip functionalization which was employed in these experiments utilized glutaraldehyde as binding agent which does not bind proteins in a consistent orientation. This results in a random percentage of bound eristostatin which may not be oriented in the correct position for normal receptor interaction (Berquand and Ohler, 2010) .
A second commonality which existed among most of the cell lines was the presence of a population of unbinding interactions in the 0.4-1.0 nN range. This may indicate that similar interactions are occurring between each of the melanoma cell lines comparable to measurements obtained by Puech et al. (2006) for the interaction between WM115 melanoma cells and fibronectin involving a b 1 integrin. The melanoma cell lines tested also exhibited groups of interactions at higher unbinding forces which appear to be in approximate multiples of lower forces ( Fig. 2A-F) . There are two ways to interpret this data. One explanation is that these data represent multiple unbinding interactions which occurred simultaneously and the summation of their unbinding strengths created an increase in affinity and thus an unbinding at higher force ranges. The AFM cantilever tip has a radius of 20 nm and eristostatin has a radius of approximately 1.1 nm (Erickson, 2009 ). This would allow multiple molecules of eristostatin to interact with the surface of the melanoma cell. A second explanation is that binding interactions were occurring between different receptors or surface molecules which unbind with varying force.
For this data, it cannot be determined if the observed shifts in the unbinding populations represent the same interactions at different force ranges or independent interactions; however, these most likely represent a change in the specific interactions that are occurring and not a shift in the strength of an unbinding event which has already occurred. Furthermore, it is possible that this observation may be due to the inhibition of one type of interaction by eristostatin which may then increase the prevalence or availability of a second interaction causing differences in unbinding force. We cannot at this time determine what physical changes in binding interactions result in the differences in unbinding characteristics identified in this data. It can, however, be hypothesized that the peaks at lower forces are subject to competition between soluble and tip eristostatin, whereas, unbinding populations at higher forces, which may be the result of different combinations of eristostatin-cell surface interactions, are more susceptible to conformational differences induced by soluble eristostatin. No trends or differences were observed between metastatic (C8161, MV3, M24met, and 1205Lu), vertical growth phase (WM164), and radial growth phase (SBcl2) cell lines.
AFM data using RGDS peptide as an indicator of integrin-dependence showed that only partial inhibition was reached with the addition of RGDS to the media (Figs. 3 and 4) which suggests two possible explanations. Partial inhibition could be due to concentration-dependence as mentioned previously. The second possibility is that eristostatin may not bind solely through an RGD-dependent pathway in all cell lines.
Focusing on the frequency of unbinding forces may give a better idea of the interactions that are taking place. For cell lines C8161 (Fig. 4A), MV3 (Fig. 4B), M24met (Fig. 4C) , WM164 (Fig. 4E) , and SBcl2 (Fig. 4F) , data from RGDS blocking experiments with eristostatin-functionalized tips showed consistent populations of unbinding events similar to experiments with eristostatin on the tip in the presence of soluble eristostatin (Fig. 2) . In contrast, 1205Lu (Fig. 4D ) displayed different patterns of unbinding frequencies between its surface and eristostatin during experiments blocking with eristostatin versus RGDS. This may be the result of changes in integrin and cell surface receptor expression due to increased passage number which caused the cell's detachment from the plate at room temperature during later RGDS experiments. Similar morphological and physiological effects have been documented due to decreased passage number tolerance (Briske-Anderson et al., 1997) . Because cells must be stationary on the surface to obtain accurate AFM measurements, data was only recorded from 1205Lu cells which remained attached and this may have produced bias toward one specific cell sub-population present on the plate. C8161 (Fig. 4A) and WM164 (Fig. 4E) showed only two unbinding interactions at low and higher ranges prior to incubation with RGDS. For both cells lines the populations at the stronger forces were not observed in the presence of RGDS. This suggests that these interactions were RGD-dependent and thus most likely involved an integrin. This confirms previous data from Tian et al. (2007) in which C8161 and WM164 adhesion to an RGD matrix was disrupted by eristostatin indicating this interaction was occurring through an RGD-dependent mechanism. Comparisons between RGDS treatments among the other four cell lines indicate that this may not be the case for them. These cell lines may not be as susceptible to changes in binding interactions due to RGDS. MV3 cells (Fig. 4B) showed both decreases and increases in unbinding force frequencies at specific interaction strengths. This is consistent with data which suggests MV3 is not solely dependent on RGD binding (Tian et al., 2007) . These secondary unbinding interactions may also be representative of secondary sites outside the RGD motif which may not be interrupted by a linear RGD peptide (Takagi, 2004) .
Comparisons of the unbinding populations present at specific forces for each cell line show changes unique to eristostatin. In addition, alterations in interaction populations that are common for both eristostatin-blocking and RGDS-blocking experiments are present. Interaction populations at specific unbinding forces between eristostatin and the melanoma cell showed a loss or gain of a single population in the presence of both soluble eristostatin and RGDS. This provides additional evidence that these interactions are RGD-dependent and likely are due to integrin binding. In addition to this data, several populations are present in eristostatin-blocking experiments but not in RGDS-blocking experiments which may represent those interactions which are unique to eristostatin which are not dependent on the RGD motif. There were however, no major patterns between cell lines for specific populations.
Previous studies suggested that natural killer cell cytotoxicity may be responsible for the inhibitory effect that eristostatin has on melanoma cell lung colonization in vivo, and that eristostatin may modulate normal natural killer cell behavior (McLane et al., 2001 ). Here we showed that direct binding of eristostatin to the melanoma surface causes alterations in natural killer cell-melanoma cell interactions. In comparing individual interaction populations among cell lines, each cell line both lost and gained at least one unbinding population between the NK cell and the melanoma cell in the presence of soluble eristostatin with the exception of M24met which lost a population but did not gain one. It cannot yet be determined if the unbinding populations which arose in the presence of eristostatin are due to changes in surface molecule interactions (new interactions) or a result of alterations in the characteristics of interactions which had previously occurred.
These results may reflect the various changes in surface interactions between NK cells and melanoma cell due to the modulation of the presentation and density of surface molecule clustering (Mostafavi-Pour et al., 2003) . The possibility also exists that eristostatin exerts a secondary effect by directly binding to natural killer cells altering the interactions between the NK cells and melanoma cells. McLane et al. (2001) determined that NK-like TALL-104 Table 2 Integrin surface expression repertoire on six human melanoma cell lines using flow cytometry.
Integrin subunit Cell Line RGD-independent), which are selective toward multiple intercellular adhesion molecules (Genego, 2010) and are important for proper adhesion of NK cells to target cells (Chong et al., 1994; Gismondi et al., 2003; Somersalo et al., 1995) . In addition to adhesion, activation of a 4 b 1 signaling may also cause the transcription of cytokines, such as interleukin-8, via the mitogen-activated protein kinase pathway, which plays a role in NK cytotoxicity (Mainiero et al., 1998 (Mainiero et al., , 2000 Chua et al., 2004) . Interestingly, a 4 b 1 was proposed by Danen et al. (1998) as a possible target for eristostatin binding to MV3 melanoma cells. Changes in adhesion may increase interactions between NK cells and targets cells necessary for activation, and enhanced cytokine secretion would result in a rise in the immune response. These effects may be involved in eristostatin's ability to alter NK function and cytotoxicity. One focus of this paper was determination of the RGDdependence of the eristostatin-melanoma cell interactions. It can be questioned why specific monoclonal antibodies were not used to tease out the integrin binding specificity. There are significant limitations in the use of monoclonal antibodies in such AFM studies involving live cells, including nonspecific binding and epitope availability. Wakayama developed a method to reduce nonspecific interaction in antibody assays via AFM, but it relied on the use of detergent which would not be compatible with doing live-cell AFM testing (Wakayama et al., 2008) . Studies using antibodies to examine the topology of cells have usually fixed those cells before examination (Li et al., 2012) or used cell fragments (for example, membranes as in Orsini et al., 2012) . The closest to a possible experimental protocol may be attaching an antibody to the cantilever tip and exposing the tip to the surface of the melanoma or natural killer cell in the presence of unlabeled eristostatin, as modeled by Puntheeranurak et al., who probed the surface of live Chinese hamster ovary cells for antibody interactions with a sodium-glucose transporter (Puntheeranurak et al., 2006) . The difference in these eristostatin experiments, however, is that the receptor (integrin or otherwise) is yet unknown and the cost for a multi-antibody screening, much less that for determining specificity, was beyond the capability of the current studies. The studies described here have shown the tantalizing complexity of cancer cell and natural killer cell interactions with a single disintegrin with known integrin selectivities, and it remains the challenge for our follow-up studies to attempt an answer to that question.
Conclusion
In order to determine the effect of eristostatin on NK cell-melanoma cell interactions, we first confirmed through AFM studies that eristostatin bound the cell surface of six melanoma cell lines. Similar interactions at 0.5-1.0 nN between all cell lines may point toward a common eristostatin binding partner, in particular a b 1 -containing integrin which is part of the integrin repertoire of each melanoma cell line. Interactions with higher unbinding forces >0.5 nN were altered in the presence of soluble eristostatin and indicated that those populations are representative of eristostatin-melanoma surface binding. Studies using b 1 function-blocking antibodies or the utilization of siRNA to knock down the b 1 integrin subunit will be critical in determining eristostatin's binding partner.
Mean unbinding forces of eristostatin to melanoma cells also showed partial inhibition with linear RGDS peptide. C8161 and WM164 appeared to be RGD-dependent through the loss of their only major unbinding population in the presence of RGDS. The four remaining cell lines showed multiple interactions with eristostatin which were altered or remained similar with the addition of RGDS, suggesting a binding mechanism not solely dependent on the RGD motif.
Interactions between natural killer cells and melanoma cells in the presence of eristostatin showed substantial heterogeneity which affected both the frequency and force of unbinding. This result may point toward changes in surface molecule interactions (i.e. quantity and location) between NK cell and melanoma cells. In addition, the possibility of direct eristostatin-NK interactions exist which may affect natural killer cell function and cytotoxicity through downstream integrin-mediated signaling events.
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